Abstract. As part of a community-based group-randomized trial on the impact of permethrin-treated bed nets (ITNs) on malaria in pregnancy in a holoendemic area of western Kenya, we assessed their effects on antibody responses to Plasmodium falciparum pre-erythrocytic antigens (recombinant circumsporozoite protein [CSP] and peptides complimentary to the repeat region of the liver stage antigen-1 [LSA-1]) and blood stage antigen (recombinant C-terminal domain of the merozoite surface protein-1 [MSP-1 19 kD]) in paired maternal/cord plasma samples obtained from 296 deliveries (157 from ITN villages and 139 control villages). Levels of total IgG and IgG subclasses 1−3 to LSA-1 and total IgG and IgG3 to MSP-1 were lower, whereas those of total IgG to CSP were significantly higher in women from ITN villages than those from control villages. In cord plasma, levels of total IgG and IgG2 to LSA-1 and IgG3 to MSP-1 were lower in ITN villages than in control villages, but antibody responses to CSP were similar. Our results suggest that the use of ITNs decreases antibody responses to LSA-1 and MSP-1 antigens in pregnant women with associated reductions in levels of the same antibodies in cord blood. In contrast, ITN use was found to be associated with increased antibody responses to CSP in pregnant women, but had no effect on antibody levels to CSP in cord blood.
INTRODUCTION
Pregnant women in sub-Saharan Africa are at increased risk of malaria caused by Plasmodium falciparum compared with their non-pregnant counterparts. 1 In areas of high transmission, the increased risk of malaria infection has been found to be particularly high during the first and second pregnancies, but diminishes with increasing gravidity. 2, 3 The underlying biologic mechanisms responsible for the increased risk have not been elucidated. Non-specific immunosuppression and hormonal changes such as increased cortisol levels in primigravidae women have been implicated. 4 Although there is some evidence of a general immunosuppression in cellular immunity in pregnant women, 5 two studies have shown no difference in antibody responses to malaria antigens between pregnant and non-pregnant women. 6, 7 Recent evidence suggest that gravidity-dependent changes in cytokine levels, 8 and the acquisition of antibodies that block parasite binding to the placenta could play an important role in protection against placental malaria. It is well recognized that infants in areas of stable malaria transmission have a reduced risk of clinical consequences of P. falciparum infection during the first few months of life. The presence of fetal hemoglobin, passively acquired malariaspecific antibodies, dietary absence of p-aminobenzoic acid and breast milk constituents such as lactoferrin may account for this phenomenon. [10] [11] [12] Among these, transplacentally acquired antibodies are thought to play an important role. 13 Although malaria in pregnancy is amenable to intervention through existing strategies such as intermittent preventive treatment, 1 this may be undermined by resistance of P. falciparum to antimalarials, poor compliance, and other logistical problems. 14 In our study area in western Kenya, we demonstrated that in an area with intense malaria transmission, insecticide (permethrin)-treated bed nets (ITNs) reduce the densities of malaria-transmitting mosquitoes by 90%. 15 The ITNs were also found to be a promising tool for malaria control in pregnancy, since they markedly reduced malaria and its adverse effects during the first four pregnancies. 16 One concern with the use of ITNs, especially in hightransmission areas, is whether their use might interfere with the development and maintenance of antibody responses to malarial antigens in pregnant women, thereby potentially affecting passive immune protection in early infancy. Previous studies in children and non-pregnant adults have found that use of ITNs was associated with a reduction in antibody responses to malarial antigens. [17] [18] [19] In a companion study conducted in young children, we found that ITNs were associated with a reduction in IgG responses to pre-erythrocytic circumsporozoite surface protein (CSP) and liver stage antigen-1 (LSA-1), but not to the blood stage antigen merozoite surface protein-1 (MSP-1). 20 The current investigation focused on the antibody responses in mothers at delivery and cord blood samples to determine the effect of ITNs on antibody responses to P. falciparum pre-erythrocytic (CSP and LSA-1) and erythrocytic (MSP-1) antigens. A subsidiary goal of the investigation was to evaluate the effect of ITNs on the transplacental transfer of malaria-specific IgG.
MATERIALS AND METHODS
Study site and participants. This study was conducted as part of a community-based cohort study of the impact of ITNs on malaria in pregnancy in Asembo Bay in western Kenya, which experiences intense perennial malaria transmission. A detailed description of the study site, study population, and methods of the cohort study have been reported elsewhere. 16 Briefly, half of the cohort villages were randomized by public lottery to receive ITNs in the fourth quarter of 1996 and the remaining half acted as controls and received ITNs in April 1999 at the completion of the trial. All women who delivered during a one-year period between September 1997 and October 1998 were eligible for the current study. Exclusion of women who were pregnant during the first nine months of the ITN trial ensured that all women in the ITN villages had been protected by ITNs throughout the entire pregnancy. In this region, the prevalence of peripheral and placental malaria during the first four pregnancies is approximately 30% and 25%, respectively. 16 In addition, up to one-third of all infants are born preterm, intra-uterine growth retarded (small-forgestational age), or with low birth weight. 16 Ethical clearance for the ITN trial was obtained from the Ethical Review Committee of the Kenya Medical Research Institute (Nairobi, Kenya) and the Institutional Review Board of the Centers for Disease Control and Prevention (Atlanta, GA).
Sample collection. At delivery, approximately 500 l of maternal capillary blood and 5 mL of cord blood were collected in EDTA-containing tubes and heparinized tubes, respectively. Blood samples were transported to the laboratory at 4°C for determination of hemoglobin levels and immunologic studies. Two thick blood smears on the same slide and a thin blood smear on a separate slide were prepared from maternal, cord, and placental blood for detection of malaria parasites.
Antigens. The same antigens used in our study in young children 20 were used for the assessment of antibody reactivity in maternal and cord plasma samples. These are Escherichia coli−expressed full-length recombinant CSP, synthetic peptides corresponding to the repeat region of LSA-1 and Saccharomyces cerivisae−expressed MSP-1 19 ® microcentrifuge (Fisher Scientific, Pittsburgh, PA), aliquoted into sterile vials, and stored at −70°C until testing for antibodies. Maternal, cord, and placental blood smears were stained with Giemsa and examined for the presence of malaria parasites and/or pigment with a 100× oil-immersion objective.
Enzyme-linked immunosorbent assay (ELISA). Total IgG reactivity to CSP, LSA-1, and MSP-1 antigens was determined by a standard ELISA as described elsewhere. 20 The IgG subclass 1-4 reactivity to LSA-1 and MSP-1 was as described for total IgG with minor modifications. Briefly, mouse anti-human monoclonal antibodies diluted in phosphatebuffered saline containing 0.05% Tween-20 and 2.5% nonfat milk powder (PBS-T-M): IgG1 at 1:2,000, IgG2 at 1:6,000, IgG3 at 1:50,000, and IgG4 at 1:20,000 were used as the primary antibodies. After four washes with PBS containing 0.05% Tween-20 (PBS-T), peroxidase-conjugated goat antimouse antibodies (Biosource International, Camarillo, CL) diluted at 1:10,000 in PBS-T-M was added and allowed to react for one hour at room temperature. The rest of the procedure was as described for the total IgG ELISA. 20 The procedure for evaluating IgG reactivity to TT antigen was similar to that described for total IgG to the malarial antigens CSP and LSA-1, 20 except that the coating antigen was used at a concentration of 1 g/ml and in 0.01 M PBS, pH 7.2. A positive control, consisting of pooled hyperimmune sera was included in each experiment. The cut-off values for each antigen were determined by assaying samples from 40 malarianaive individuals. Samples that showed an optical density (OD) greater than the mean plus two standard deviations of the negative control plasma were scored as positive.
Statistical analyses. To eliminate zeros and negative ELISA OD values, we added the sum of the lowest negative value for each antigen plus 0.001 to each of the corresponding antibody data. The resulting ELISA OD values were log transformed to normalize the data. Analyses were performed using SUDAAN version 8.0, SAS callable version (Research Triangle Institute, Research Triangle Park, NC) and SAS version 8.0 (SAS Institute, Cary, NC). Since in multivariate analysis there was no effect modification by gravida, the data were pooled for all gravidae. To assess differences in mean levels of antibodies (maternal and cord blood) between those from ITN and control villages, analysis of variance methods were implemented. The association between maternal and corresponding cord blood antibody levels and possible differences in transplacental transfer of antibodies between women from the ITN and control villages were assessed through fitting multiple regression models. Log-binomial regression models were used to estimate ratios of antibody prevalence for ITN versus control. Models were fit using GEE methods in the GENMOD procedure in SAS. Since the data were collected as part of a group randomized trial, reported 95% confidence intervals are based on empirical SE estimates obtained by adjusting for clustering at the village level. A two-sided P value < 0.05 was considered statistically significant.
RESULTS
Maternal and birth characteristics. Paired maternal/cord blood samples were available from 296 deliveries (ITN ‫ס‬ 157, control ‫ס‬ 139). The baseline characteristics of the women are shown in Table 1 . Overall, the demographic characteristics in women from both intervention and control villages were comparable, with the exception of the number of years of education, which was significantly higher in women living in ITN villages. The prevalence of maternal anemia and parasitemia was lower in women from the ITN villages, although the differences were not statistically significant. The birth characteristics of infants from ITN and control villages were also comparable with the exception of cord blood hemoglobin levels, which were lower in infants from ITN villages (P ‫ס‬ 0.06) ( Table 2) .
Antibody response to non-malaria control antigen (TT) and P. falciparum antigens. There was no significant difference in the prevalence and levels of total IgG to non-malarial antigen TT in maternal and cord plasma from ITN and control villages ( Figure 1A and Table 3 ). For CSP, only total IgG reactivity was assessed. The frequency and levels of total IgG to CSP were significantly higher in women from ITN villages than in women from control villages. In contrast, there was no significant difference in the prevalence and levels of IgG antibodies to CSP in cord blood samples ( Figure 1A and Table 3 ).
Samples were tested for total IgG and subclasses 1-4 reactivity to the LSA-1 and MSP-1. Since only a few samples showed IgG4 reactivity to LSA-1 and IgG2 and IgG4 reactivity to MSP-1, these data were not included in the final analysis. Unlike the antibody responses to CSP, the prevalence and levels of total IgG and IgG subclasses 1-3 to LSA-1 were either significantly or marginally significantly lower in women from ITN villages than in women from control villages ( Figure 1B and Table 3 ). The pattern of cord blood antibody reactivity to LSA-1 was similar to that seen in maternal samples, although the difference was only of marginal statistical significance for total IgG and IgG2 levels and prevalence of total IgG ( Figure 1B and Table 3 ).
Similar to the LSA-1 antigen, the prevalence and levels of IgG3 to the blood stage antigen MSP-1 were significantly lower in maternal and cord plasma from ITN villages than control villages. There was no significant difference in the prevalence and levels of total IgG and IgG1 to MSP-1 antigen in both maternal and cord blood samples from ITN villages and those from control villages ( Figure 1C and Table 3) .
Association between maternal and cord blood antibody levels. To further examine the effect of ITNs on the association between maternal and cord blood antibody levels, we assessed the slope estimates of ITN and control groups from a regression model fitting maternal antibodies to cord blood antibodies while controlling for gravida and rainfall 90 days prior to birth. There was a significant positive association between maternal and cord blood total IgG levels to TT, LSA-1, and MSP-1 in both ITN and control villages (Table 4) . Furthermore, the slopes for total IgG to these three antigens between ITN and control villages were not significantly different (Table 4 ). In contrast, there was a significant negative association between maternal and cord blood total IgG levels to CSP in ITN villages and no significant association in control villages (Table 4 ). The slopes for total IgG to CSP were significantly different between ITN and control villages ( Table 4 ), suggesting that ITNs modified the relationship between maternal and cord blood antibody levels.
DISCUSSION
This study was performed in the context of a cohort study to determine the impact of ITNs on malaria in pregnancy. The purpose of the study was to assess the effect of reduced ma- laria parasite exposure on antibody responses to wellcharacterized P. falciparum malaria vaccine candidate antigens and antigenic determinants in paired maternal and cord blood samples. To our knowledge, this is the first study on the impact of ITNs on antibody responses to malaria antigens in pregnant women in an area of intense perennial malaria transmission. We found lower antibody levels against the MSP-1 and against peptides complimentary to the pre-erythrocytic antigen LSA-1 and higher antibody response to the preerythrocytic antigen CSP in maternal samples from ITN villages compared with control villages. This effect was not dependent on pregnancy order and was observed in all gravida groups. The lower antibody response to the LSA-1 antigenic determinant is consistent with the antibody reactivity to LSA-1 observed in young children in our cross-sectional surveys, 20 and presumably indicates reduced exposure to malaria parasites in women from ITN villages compared with women from control villages. Our observation is also in agreement with a previous study showing a relatively lower prevalence of antibodies to the repeat region of LSA-1 in individuals residing in two areas of low malaria transmission compared with those from an area of moderately higher transmission. 21 The increased antibody responses to CSP and decreased responses to MSP-1 in this study differ from the immune response we observed in children. 20 A possible explanation for these inconsistencies are differences in parasite densities and/or the predominant parasite stage-specific immune effector mechanism in children vs. adults. Several studies have shown that parasite densities decrease as a function of age. 22, 23 In endemic areas, young children are more likely to have high parasite densities compared with adults, who develop protective immunity and are capable of limiting malaria blood stage parasite densities to very low levels. 24 This observation has led to the hypothesis that children first develop anti-toxic (disease) immunity, followed by the development of anti-parasite immunity with an increase in age. 25 The predominant immune effector mechanisms in adults could mainly be directed at limiting parasite invasion/ multiplication at the pre-erythrocytic stage, while in children the mechanisms could be directed at the blood stages, which are respon-< FIGURE 1. A, Prevalence of total IgG to tetanus toxoid (TT) and circumsporozoite protein (CSP) in maternal and cord plasma in insecticide-treated bed net (ITN) (solid bars) and control (shaded bars) villages. Solid squares represent the prevalence ratios for ITN and control villages (right y-axis), error bars represent 95% confidence intervals, and the horizontal dotted line represents a prevalence ratio of 1. The asterisk indicates a statistically significant difference between ITN and control villages (P < 0.05). B, Prevalence of antibodies to liver stage-1 antigen in maternal and cord plasma in (ITN) (solid bars) and control (shaded bars) villages. Solid squares represent the prevalence ratios for ITN and control villages (right y-axis), error bars represent 95% confidence intervals, and the horizontal line represents a prevalence ratio of 1. Asterisks indicate a statistically significant difference between ITN and control villages (P < 0.05). Maternal plasma: total IgG; P ‫ס‬ 0.086, IgG1; P ‫ס‬ 0.059. Cord plasma: total IgG; P ‫ס‬ 0.104. C, Prevalence of total IgG to merozoite surface protein-1 in maternal and cord plasma in (ITN) (solid bars) and control (shaded bars) villages. Solid squares represent the prevalence ratios for ITN and control villages (right y-axis), error bars represent 95% confidence intervals, and the horizontal line represents a prevalence ratio of 1. Asterisks indicate a statistically significant difference between ITN and control villages (P < 0.05).
sible for clinical disease. This hypothesis is supported by recent findings in Dielmo, Senegal, suggesting that adults are able to resist a higher sporozoite challenge than are children. 26 The observation of increased levels of antibody to CSP in women in the ITN group was surprising, but may be explained by cross-regulation of immune responses by different parasite stages, which may be further complicated by immune suppression during pregnancy. Studies in both humans and animal models have shown that blood stage malaria parasites cause an immunosuppressive effect on the anti-sporozoite antibody response. 27, 28 In addition, a negative correlation has been shown between malaria-induced polyclonal B cell activation and anti-sporozoite antibody responses in vitro. 29 However, whether and how the higher parasitemia rates resulting from the more intense malaria transmission in control villages lead to immunosuppressive effects on antibody responses to CSP in pregnant women remains unclear and requires further investigation.
Our previous studies conducted in children from the same area have demonstrated that MSP-1 19 kD antibody responses, particularly IgG1, are associated with clinical protection. 30, 31 There was no evidence from our epidemiologic investigations that the diminished antibody responses to MSP-1 19 kD had any clinical implications. Pregnant women in their first four pregnancies from ITN villages were significantly less likely to have maternal or placental malaria parasitemia resulting in a reduced risk of maternal anemia and increased birth weight in the newborn. 16 It is of note that IgG1 responses were not affected by bed net use, and that only IgG3 responses to MSP-1 19 kD were diminished. It is possible that switching antibody subclasses may occur during pregnancy. Consequently, the antibody subclasses to MSP-1 could play different roles in malaria infection in pregnant women, in whom IgG3 may be associated with exposure.
Consistent with other studies, we found that antibody reactivity to the malarial antigens LSA-1 and MSP-1 in cord blood were positively and linearly correlated with the maternal responses 32, 33 and thus lower in cord blood from newborns in ITN villages than in control villages. The ITNs did not affect this relationship between maternal/cord blood antibodies to LSA-1 and MSP-1. Interestingly, there was no significant difference in the levels of IgG to CSP in cord blood responses despite the difference observed in maternal plasma. We further observed no association between maternal and cord blood total IgG antibodies to CSP in control villages, which is consistent with other studies. 33 However, we found a negative linear correlation in ITN villages. This difference between ITN and control villages was statistically significant, suggesting that ITNs modified the maternal/cord blood anti-CSP antibody relationship.
It is well accepted that malaria-specific transplacental antibodies play an important role in the passive immune protection in newborns, and concentrations of antibody to MSP-1 19 kD at birth have been associated with protection against parasitemia, clinical malaria, and anemia in young infants. 30, 34 Similar to the results in pregnant women, 16 there was no indication from our larger birth cohort analysis that, with continued ITN use, newborns from ITN villages were at an increased risk of malaria morbidity in the first few months of life. 35 Follow-up of these newborns showed they had 70% less clinical malaria episodes and anemia than young infants in control villages. 35 However, the direct relationship between malaria clinical end points during early and late infancy and the consequences of the effect of ITNs on transplacental transfer of the different subclasses of antibodies requires further investigation. In summary, we have observed that the use of ITNs leads to decrease in antibody levels to LSA-1 and MSP-1 antigenic determinants in pregnant women with associated reductions in levels of the same antibodies in cord blood. In contrast, ITN use was found to be associated with increased antibody responses to CSP in pregnant women, but had no effect on antibody levels to CSP in cord blood. The marked improvements in clinical outcomes observed in mother and infant 15, 35 do not suggest that the altered levels of antibodies resulting from ITN use adversely affect the risk of malaria in pregnant women and their newborns.
